Chemical potential shift in lightly-doped to overdoped 

Bi 2 Sr 2 Ca 1 _ x il (; Cu 2 8+y (R = Pr, Er) 
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We have studied the chemical potential shift in the high-temperature superconductor 
I^S^Cai-z.RzC^Og+y (7? = Pr, Er), where the hole concentration is varied from 0.025 to 0.17 
per Cu, by precise measurements of core-level photoemission spectra. The result shows that the 
shift becomes slow in the underdoped region as in the case of La2- a; Sr a; Cu04 (LSCO) but the effect 
is much weaker than in LSCO. The observed shift in the present system can be relatively well ex- 
plained by numerical results on the doped two-dimensional Hubbard model, and suggests that the 
change of the electronic structure induced by hole doping is less influenced by stripe fluctuations 
than in LSCO. 



PACS numbers: 79.60.-i, 74.72.Hs, 71.30.+h 

I. INTRODUCTION 

Since the discovery of the high-temperature supercon- 
ductors, one of the most important but unanswered ques- 
tions has been how the electronic structure evolves from 
the antiferromagnetic insulator (AFI) to the supercon- 
ductor (SC) as a function of doped hole concentration. In 
the case of La2-xSr :E Cu04 (LSCO), recent angle-resolved 
photoemission (ARPES) studies have shown that in 
underdoped samples, the chemical potential /i is pinned 
at ~0.4 eV above the top of the lower Hubbard band 
(more precisely, top of the Zhang-Rice singlet band) and 
spectral weight is transferred from the lower Hubbard 
band to near /j, with hole doping. Also, it has been found 
from the photoemission measurements of core levels that 
the chemical potential does not move with hole doping in 
the underdoped region [Bj. These observations indicate 
a breakdown of the rigid-band picture and are sugges- 
tive of a dramatic reorganization of the electronic struc- 
ture upon hole doping. In fact, the suppression of the 
chemical potential shift has been attributed to the strong 
stripe fluctuations in LSCO 0] because the charge stripes 
can be viewed as a kind of microscopic phase separation 
which will pin the chemical potential. More recently, 
it has been found that the chemical potential in the 
electron-doped superconductor Nd2_ a ;Ce 2: Cu04 (NCCO) 
shows a monotonous shift without any sign of suppres- 
sion, indicating a more rigid-band-like behavior ||. The 
absence of a suppression of the shift in NCCO is consis- 
tent with the absence of stripe fluctuations in this sys- 
tem [||. 

As for Bi 2 Sr 2 CaCu20 8+ y (BSCCO), which has been 
most extensively investigated by ARPES 0, core-level 
shifts were studied on Bi2Sr2Cai_ 2; Y 2 ;Cu20 



where 



hole concentration was varied with Y substitution 



The deduced chemical potential showed an abrupt, large 
downward shift of ^0.7 eV upon hole doping in the lightly 
doped region, which implies that the chemical potential 
moves from the in-gap region of the parent the insulator 
to the top of the lower Hubbard band upon hole dop- 
ing. However, a subsequent study by Tjernberg et al. |jj 
showed a different doping dependence of the core-level 
shifts. Therefore, more systematic studies over a wide 
concentration range are required to elucidate the intrin- 
sic behavior of the chemical potential shift. So far, it 
has been difficult to prepare heavily underdoped BSCCO 
samples with good quality. Recently, high quality crys- 
tals of heavily underdoped BSCCO were systematically 
synthesized by rare-earth (i?) substitution for Ca and 
the doping dependence of thermodynamic and transport 
properties have been studied Jn],[ll| ■ 

In this paper, we report on a core-level photoemis- 
sion study of the chemical potential shift A/z in those 
Bi2Sr2Cai_ a: i? a ;Cu208+ !/ crystals as a function of doped 
hole concentration. The chemical potential shift was esti- 
mated from the core-level shifts as in the previous studies 
J|,[l2]j|] utilizing the fact that the energies of core lev- 
els are measured reference to /i in photoemission experi- 
ments. 



II. EXPERIMENT 

Single crystals of Bi 2 Sr 2 Cai_ :E i? :E Cu208 + j ; (R = Pr, 
Er) were grown by the self-flux method and the x-ray 
diffraction pattern showed no trace of impurity phases. 
Details of sample preparation are given in . The hole 
concentration 8 per Cu atom was estimated from the em- 
pirical relationship between 8 and the room-temperature 
thermopower |l|. Errors in 8 thus estimated are less 
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than ±10 % of S. The hole concentration and the crit- 
ical temperature were 5 =0.17, 0.135 and 0.1 and T c = 
86, 88 and 48 K for the x Pr =0.1, 0.25 and 0.43 sam- 
ples, respectively, and S =0.135 and T c =87 K for the 
=0.1 sample. The XEr =0.5 and 1.0 samples were an- 
tiferromagnetic insulators and the hole concentration was 
S =0.05 and 0.025, respectively. The determination of the 
Neel temperatures Tjv of the present samples were diffi- 
cult because of the Er 3+ local spins, but we may estimate 
Tjv~50 K and 230 K for xet — 0.5 and 1.0 from compar- 
ison with Tjv values of r^S^Cai-zYzC^Os+y | H . 

X-ray photoemission spectroscopy (XPS) measure- 
ments were carried out using a Mg Ka source (hv — 
1253.6 eV) and a VSW hemispherical analyzer. The en- 
ergy resolution was about 0.8 eV, which was largely due 
to the width of the photon source. The samples were 
cleaved in situ to obtain clean surfaces and measured at 
~ 80 K. The base pressure in the analyzer chamber was 
~ 1 x 10~ 10 Torr. All the spectra presented here were 
taken within four hours after cleaving and no change was 
observed in the spectra during the measurement. In order 
to avoid sample degradation or contamination, the sam- 
ples were cooled to about 80 K. In XPS measurements, 
high voltages of ~1 kV have to be applied to the elec- 
tron energy analyzer to decelerate photoelectrons, and it 
is usually difficult to measure the binding energies with 
an accuracy of < 100 meV. In order to overcome this dif- 
ficulty, we monitored the applied voltages directly and 
confirmed that the uncertainty could be reduced to less 
than 10 meV [El. Furthermore, in order to eliminate other 
unexpected causes of errors, we measured the xp r = 0.25 
and XEr = 0.1 sample as a reference following the mea- 
surement of each sample. However, the line shapes were 
not always identical between the different samples, which 
sometimes results in uncertainties up to ±100 meV in de- 
termining the shifts (as indicated by error bars in Figs. 
2, 4 and 5). 

III. RESULTS AND DISCUSSION 

Figure 1 shows the Sr 3d, O Is and Bi 4/ core- level 
XPS spectra of Bi 2 ST 2 Ca, 1 - x R x Cu 2 O s+y (R = Pr, Er). 
For the Pr samples, the line shape of the Sr 3d level 
was almost identical between the different compositions, 
whereas for the Er samples, it varied slightly with com- 
position on the high binding energy side of the peak. In 
order to estimate the energy shift, we used the position 
of the slope on the lower binding energy side of the peak 
for the Pr samples with higher precision and the peak 
positions for the Er samples (although only the peak po- 
sitions arc indicated in the figure for clarity). In Fig. 2, 
the Sr 3d peak position is plotted as a function of hole 
concenration 6 per Cu atom. The figure shows that the 
peak moves upwards monotonously with increasing 6. 



The line shape of the Bi 4/ level shown in Fig. 1(b) is 
mostly identical between the different compositions, and 
we could use the peak positions to evaluate the energy 
shift rather accurately. In the region 6 > 0.1, the peak 
is shifted upwards as 5 increases, parallel to the Sr 3c? 
core level. However, in the region S < 0.1, the Bi 4/ 
level moves downwards as 5 increases, unlike Sr 3d. One 
can understand this tendency if the mean valence of Bi 
decreases in the S < 0.1 region and the Bi 4/level shows a 
so-called "chemical shift" . Such a chemical shift cannot 
occur in the Sr 3d core level since the valence of Sr 2+ 
should be stable in metal oxides. 

As for the O Is spectra [Fig. 1(c)], the line shape is 
almost identical between the 6 = 0.025 and S = 0.05 
samples, but becomes broader and somewhat asymmet- 
ric as 5 increases to >0.1. This behavior is consis- 
tent with the previous study, where the O Is core- level 
spectra were decomposed into several components ||[l5) . 
Note that in going from 6 = 0.05 to 0.1, where the 
O Is width increases, the Bi 4/ level moves to the di- 
rection opposite to Sr 3d. Here, it should be remem- 
bered that there are at least three kinds of oxygen sites 
in Bi2Sr2Cai_ x i?2;Cu208+y, namely, oxygen in the Bi- 
O layer, that in the SrO layer and that the CuC>2 layer. 
Then, considering the peculiar shift of the Bi 4/ level, one 
may speculate that the broadening is caused by different 
shifts of the O Is core levels from the diferent oxygen 
sites in the small 8 region. 

In order to separately deduce the shifts of the Ols sig- 
nals from the different layers, we fitted the O Is peak to a 
superposition of three components as shown in Fig. 3(a). 
Here, components A, B and C are assigned to oxygens 
from the Cu02, SrO and Bi-0 layers, respectively, fol- 
lowing the previous study p5| . In the fitting proce- 
dure, we assumed the peak intensity ratio to be A:B:C 
= 1.2:1.0:1.8 taking into account the amount of excess 
oxygens y — 0.15-0.2 in the Bi-0 layers Jl(| as well as 
the mean free paths of photoelectrons escaping from the 
outermost Bi-0 layer. First, we fitted the broad O Is 
peak of the 5 = 0.135 sample under the constraint that 
the widths of the three components were identical, and 
obtained the energy of each component and the com- 
mon line width El. Then, we fitted the O Is peaks 
for the other compositions using the same widths. The 
shifts of the three components thus deduced are plotted 
in Fig. 3(b). One notices that as 6 increases, the Cu02 
and SrO components (A and B) move upwards like the Sr 
3d peak, while the Bi-0 component (C) moves to down- 
wards like the Bi 4/ peak, leading to the broadening of 
the Ols peak. 

As for the Cu 2p core-level spectra (not shown), the 
peak becomes broader as S increases in the Er samples. In 
the Pr samples, the Pr 3d core level overlaps with the Cu 
2p core levels and therefore, it was difficult to identify the 
doping dependence of the line shape. Instead, we used 
the peak position to crudely estimate the shift of the Cu 
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2p level. In Fig. 2, we have plotted the shift of the Cu 2p 
peak positions for the Pr and Er samples. Thus, we find 
that the Cu 2p core level moves downards with S. This 
behavior can be understood if the chemical shift, which 
is caused by the creation of a "Cu 3+ " component on the 
higher binding energy side of the Cu 2+ main component, 
overwhelms the effect of the chemical potential shift, as 
in the case of LSCO f§. 

In order to deduce the chemical poential shift from the 
set of the core-level shift data, we note that the shift AE 
of a core-level energy measured relative to /x is given by 
AE = -A/i + KAQ + AV M + AE R , where A/i is the 
change in the chemical potential, KAQ is the chemical 
shift, AVm is a shift due to a change in the Madelung 
potential, and AEr is the change in the core-hole screen- 
ing fl8|| . It has been demonstrated that if the shifts of 
the metal and oxygen core levels are the same, KAQ 
and AVm are negligibly small ||,|l2|,||] . Core- hole screen- 
ing by conduction electrons can also be excluded from the 
main origin of the core-level shifts in transition-metal ox- 
ides HH. As mentioned above, in the region 6 > 0.1, the 
Bi 4/, Sr 3d and O Is core levels show similar behaviors 
and therefore we can safely conclude that the shifts are 
primarily caused by the chemical potential shift. In the 
region S < 0.1, the doping dependences of the core lev- 
els are complicated, most likely due to charge transfer 
from the CuC-2 layers (CuC^-Cai-z-Rz-CuC^ blocks) to 
the Bi-0 layers with decreasing 6 and the resulting de- 
crease of the Bi valence. Considering the crystal chem- 
istry of BSCCO, the SrO layer is supposed to have fixed 
charges and the Sr 3 c? level would be least influenced by 
the charge transfer, and we assume that the shift of the 
Sr 3d level most faithfully reflects the chemical potential 
shift in the entire hole concentration region. Indeed, the 
shift of the O Is peak from the SrO layer as well as that 
from the Cu02 layer deduced from the line-shape analy- 
sis show nearly the same behavior and is most probably 
caused by the chemical potential shift. 

Figure 4 shows the chemical potential shift Afj, relative 
to 5 = thus deduced for the Er- and Pr-substituted 
BSCCO samples. The shift is slow in the underdoped 
regime, and becomes faster as the hole concentration in- 
creases. The depression of the chemical potential shift 
in the underdoped region, i.e., \dfj,/dS\ — > as 5 — > 
0, has been predicted by numerical studies of the two- 
dimensional Hubbard model |l9||2C|| and t-J model [ pl| . 
In the Monte Carlo simulations |19| , the calculated A/i 
follows A/i cx — 5 2 . The measured A/i in BSCCO can 
be relatively well fitted to — 5 2 as shown in Fig. 4. Note 
that this behavior has not been predicted by mean-field 
theories such as the Gutzwiller approximation and the 
dynamical mean-field approximation, which predict that 
\dfi/d5\ -> oo as 8 -»• @. 

In Fig. 5, we compare A/i for BSCCO with that for 
LSCO. Both A/i curves show similar doping dependences 
in the sense that the shift is slow in the underdoped re- 



gion and fast in the overdoped region. However, A/i 
is strongly suppressed in underdoped LSCO as if the 
chemical potential is pinned by some levels, while such 
a pinning-like behavior is not evident or much weaker in 
BSCCO (although a systematic deviation from the — S 2 
behavior due to a weak /i pinning cannot be excluded 
from Fig. 4). Further, the shift in BSCCO is faster than 
that in LSCO in the entire hole concentration region. 
These differences indicate that the change in the elec- 
tronic structure from the AFI to the SC with hole dop- 
ing is different at least quantitatively between the two 
systems. In LSCO, it has been found by an ARPES 
study that /i is located in states which are created within 
the band gap of the parent insulator La2Cu04. ARPES 
data of underdoped BSCCO, on the other hand, appear 
to show a gradual upwards shift of the lower Hubbard 
band [around k= (7r, 0)] with hole doping indicat- 
ing no pinning behavior. It is highly desired to perform 
a systematic ARPES study lightly-doped to underdoped 
BSCCO. Because the pinning behavior of the chemical 
potential in LSCO has been attributed to charge fluc- 
tuations of the stripe- type ||, the weakness or absence 
of the pinning behavior in BSCCO indicates that stripe 
fluctuations, if exist, are weaker in this system. 

IV. CONCLUSION 

We have measured the chemical potential shift in 
BSCCO. The measured shift becomes slow in the under- 
doped region but is better fitted to — 5 2 predicted by the 
numerical study of the two-dimensional Hubbard model 
than in the case of LSCO. The difference from LSCO is 
attributed to the weakness of stripe-type charge fluctua- 
tions in BSCCO. 
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FIG. 2. Energy of each core level (relative to 5 — 0.135) for 
Er- and Pr-substituted BSCCO as a function of hole concen- 
tration S. 



FIG. 1. Core-level XPS spectra of Er- and Pr-substituted 
BSCCO. (a): Sr 3d, (b): Bi 4/, (c): O Is. In each spectrum, 
the vertical bar denotes the peak position, and S denotes the 
hole concentration per Cu atom. 
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FIG. 4. Chemical potential shift A/i in Er- and 
Pr-substituted BSCCO as a function of doped hole concen- 
tration S. A fit of Afi oc S 2 is shown by a dashed curve. 



FIG. 3. O Is core-level spectra of Pr- (a) and 
Er-substituted (b) BSCCO fitted to three components, which 
correspond to oxygens in the CUO2 (A), SrO (B) and Bi-0 (C) 
layers, (c) Energies of the three O Is core-level components. 



FIG. 5. Comparison of the chemical potential shift in Er- 
and Pr-substituted BSCCO with that in LSCO. 
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